ABSTRACT In the interest of solving the unsatisfactory control capability of a bearingless induction motor (BIM) under parameter variations, external disturbance, and load mutation, an adaptive exponential sliding mode controller and an extended sliding mode disturbance observer for on-line identification of system disturbance variables are designed. The first-order norm and switching function law is integrated into traditional reaching law, and an adaptive exponential reaching law is presented. The convergence rate can be adjusted adaptively according to the change of the sliding mode switch surface and the system state, so that the control system has the characteristics of low buffeting, excellent convergence performance, and good operation quality. In addition, the disturbance sliding mode observer takes the speed and the external disturbance of the BIM as the observation object. Meanwhile, the output of the disturbance sliding mode observer uses as the feed forward compensation for the system speed. The feedback speed can adjust operation condition adaptively with the speed error and reduce the influence of the disturbance. The simulation and experiment results indicate that the system has strong robustness to uncertainties as well as achieves the accurate identification of uncertain disturbance, the anti-disturbance ability, and the quality of operation for BIM control system can be improved, the chattering can also be inhibited simultaneously.
I. INTRODUCTION
The bearingless induction motor (BIM) has the functions of suspension and rotation. On the basis of its specific function, the BIM can run in a special environment without friction and wear. It is widely applied to artificial heart, aeronautics and Astronautics, and high speed hard disk drive, etc [1] , [2] . At the same time, the BIM integrates the two sets of polar logarithmic windings in the stator windings and breaks the magnetic field distribution of the conventional motors to realize the function of suspension and rotation. As a consequence, it has the advantages of simple structure and high mechanical strength. Nevertheless, the BIM is a complex system which has characteristics of multivariable, nonlinear and strong coupling, the requirement of controller should be improved to meet with its demands. It is especially important to design a high performance controller for the BIM disturbance compensation and speed response [3] , [4] .
To improve the BIM control performances, a great deal of control methods are gradually applied to the BIM control system. Sliding mode variable structure control strategy belonging to the category of modern control, according to itself state can adaptive adjust constantly [5] . It has good robustness to the uncertain constraints, internal parameter perturbation or load disturbance and imprecise mathematical models, for instance. Ultimately, the precise control of the controlled system is realized, the sliding mode variable structure control strategy shows the productive utilization prospects in control domain of AC servo system [6] - [8] . In [9] , based on the proportional switched sliding mode controller, a novel disturbance observer is designed to identify the system of rotational inertia online, which weakens the steady state error and inherent chattering phenomenon of the system. However, the differential of state variables is introduced into the dynamic sliding mode surface, and the speed differential is needed in the speed regulation system which lead to the high frequency noise, so that the speed regulation performance of the controller is further reduced. In [10] , a nonlinear interference observer is used to compensate the mismatch and uncertain interferences of the system. Not only switching gain range is derived and its nominal performance is maintained, but also the system disturbance rejection capability is improved. In [11] and [12] , on the basis of differential sliding surface and integral sliding surface respectively, an extended sliding mode observer is designed for the real-time observation of the internal and external disturbances with the rotation speed and the load torque as the observation object. However, these methods only consider reducing the adverse effect of the discontinuous term amplitude in the sliding mode controller and the system inherent chattering while ignoring the effects of the system inertia on the performance, so it is unable to achieve the optimum robustness. In [13] , a combination of composite nonlinear feedback and integral sliding mode techniques are proposed and the synchronization errors are magnificently adjusted to the origin in the face of the perturbations, and the proposed technique achieves superior robust performance. In [5] , based on the special power function and hyperbolic sine function, a reaching law is proposed, and the adaptive sliding mode control law using the counter hyperbolic sine function is also presented, the proposed method is able to effectively reduce the high frequency tremor of the input signal. However, the parameter selection is difficult and the complexity of system design on the foundation of counter hyperbolic sine function algorithm is increased. In [14] , an integral sliding current control unit of fixed switch frequency is presented for a switched reluctance motor and the robustness of sliding control unit is examined. Meanwhile, the parameter constraint of the switched reluctance motor controller is derived. This method has uniform switch frequency as well as low-frequency sampling. Nevertheless, there is still a certain influence on the system speed without consideration of the large fluctuation under the external disturbance. In [15] and [16] , sliding disturbance observer can be used in single winding multi phase bearingless motor and the permanent magnet synchronous motor respectively, which has better adaptability and robustness to speed and uncertain disturbances. Thus the high performance sensorless control is realized. In [17] , a reaching law is proposed and applied to discrete time sliding mode control, which improves the system convergence speed effectively. In [18] , to obtain superior position tracking performance control of uncertain and nonlinear time-varying systems, a novel adaptive global sliding mode control technique composed of a global sliding mode control structure and an adaptive tracker is presented.
Based on the first order norm and exponential term, an adaptive variable-rated exponential approach law which has the function of adapting sliding surface and the system state change is presented. The presented method is able to regulate reaching velocity automatically and weaken system chattering. Moreover, adaptive exponential sliding mode control (AESMC) is proposed for BIM speed control on the basis of the novel reaching law. In order to improve the anti-interference performance of sliding mode control, a disturbance sliding mode observer is designed and its output is used as the feed forward compensation of AESMC. The simulation and experimental results indicate that the presented method is able to suppress the influence of external disturbances on drive system effectively and improve the system anti-disturbance performance.
II. ADAPTIVE EXPONENTIAL SLIDING MODE REACHING LAW AND AESMC DESIGN
The nonlinear control system is considered as:
where
T are status variables; b(t, x) = 0; g(t) represents unsureness interference, |g(t)| ≤ ς, ς is superior limit of disturbance.
As a discontinuous on-off, the sliding mode possess the characteristics of delay and inertia in nature and makes the sliding mode exist chattering. The traditional index reaching law is designed by Gao Wei Bing and it can be adopted as [19] 
To some extent the reaching law can weaken the system inherent chattering and enhance the running worth of velocity adjusting control. However, it is a buffeting switch zone near the origin, and the coefficient ε, λ in the formula without the function of self-adjustment. The optimal convergence property cannot be achieved consequently. Based on the s and system status, a novel adaptive variable-rated exponential reaching law can be put forward to solve the above problems:
|x| is first order norm of the system status variable, λ > 0, ε > 0, 0 < α < 1, n > 1, δ > 0.
The first order norm of the system state variables x 1 and the sliding mode switching function |s| are introduced by the proposed reaching law. The approach speed is associated with the distance of the status variables and sliding mode switching function from the stability point. When x 1 keep away from |s|, which is known as |s| is large, the status variable of the system mostly approach to |s| by means of the index − λ α s.
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At this point, the exponential term coefficient λ α is greater than the coefficient λ of the traditional index reaching law. Meanwhile, the system convergence speed is accelerated by reducing α. As the status variable is capable of running to sliding surface, variable velocity term −ε x 1 sgn(s) plays a key role. At the same time, the status enters the sliding mode surface and moves to the stable point under the action of sliding mode control, and x 1 decreases gradually and approaches zero, which makes−ε x 1 sgn(s) equivalent to zero. The buffeting result from uniform velocity term −εsgn(s) is weakened, and sliding motion is stabilized at the original point finally.
A sliding mode controller using first order integral sliding surface is designed, and AESMC is denoted as theorem 1.
Theorem 1: with regard to nonlinear control which presented in formula (1), s is selected as:
The controller can be devised as:
The system can converge to a steady position within a finite time, where C = 1 c 0 .
Stability Proof: On the basis of Lyapunov stableness theory, conditions for the existence of generalized sliding mode can be given as:
Combining with the formula (3), and differentiating the formula (6) with respect to time, and the parameter 1+ 1 x 1 − α > 0. Thus,V can be expressed as:
Therefore, the AESMC strategy satisfies the Lyapunov stability theory, the system is guaranteed to arrive the sliding within a finite time from free position.
To verify the superiority of presented method, exponential sliding mode controller (SMC) and AESMC are designed respectively for typical nonlinear system
, it is clearly can be seen from Fig.1 that AESMC possess quicker convergence velocity, buffeting is also significantly suppressed. 
III. DEVISE OF THE BIM VELOCITY USING AESMC A. THE BIM OPTIMIZATION MODEL
Based on electromagnetic field theory, the radial suspension force under the d-q coordinate system of the BIM is expressed as [20] - [22] :
where F x , F y are components of the radial levitation force in x and y direction; the subscript ''1'' on behalf of the torque winding, the subscript ''2'' on behalf of the suspension force winding, ''s'' and ''r'' on behalf of stator and rotor, respectively; i 2sd and i 2sq are elements of stator current of suspension force winding in d-q coordinate, respectively;. ψ 1d and ψ 1q are elements of the torque winding flux linkage in the d-qcoordinate, respectively. The electromagnetic torque equation is established as:
The motion equation is given as:
where ω represents the rotor speed; i qs is components of stator current of the torque winding in q coordinate; T e represents electromagnetic torque; T l represents load torque; J is rotational inertia; P 1 is the logarithm of the torque winding pole.
B. THE VELOCITY DESIGN USING AESMC
The status variables are expressed as [23] :
where ω * and ω are the given and actual velocity, respectively. According to the formulas of (9 ∼ 11),ė ω1 is given as:
In the case of parameter variations and external disturbances, ω is expressed as:
where ζ , η and ξ are corresponding to the uncertain interferences, | ζ | ≤ υ 1 , η ≤ υ 2 , ξ ≤ υ 3 . υ 1 , υ 2 and υ 3 are superior limit. Accordingly, g 1 (t) is regarded as the total disturbance, therefore,ω is reduced as:
where g 1 (t) = ( ζ )i qs + (
J + η)T l + ξ and |g 1 (t)| ≤ υ, υ is bounded positive number. Thus,ė ω1 can be expressed as:
The velocity error equation is described as:
When the system reaches the sliding surface, s can be expressed as:
Differentiating the formula (17):
From the formula (18), it can be seen that the velocity error tends to zero based on e −1/c , so as to achieve the velocity of without overshoot tracking. Consequently, the desired sliding mode motion can be obtained by adjusting the c.
Combining of formula (16), and derivation of the sliding surface function s = e ω1 + c
Combining the formula (3) and (19) , it can be obtained as:
From the formula (20) , the controller i qs can be designed as:
The velocity controller AESMC of the BIM can be recorded as Theorem 2.
Theorem 2: with regard to the BIM rotating velocity error control which presented in formula (16), s is selected as:
The controller i qs can be designed as:
{ε e ω 1 e −δ|s| sgn(s)
Therefore, the velocity error is able to convergence toward the desired position in a finite time. The system parameters are λ, ε and α, integral constant is c.
IV. DESIGN OF DISTURBANCE SLIDING MODE OBSERVER BASED ON ON-LINE IDENTIFICATION OF DISTURBANCE INERTIA A. THE DESIGN AND ANALYSIS OF SLIDING MODE DISTURBANCE OBSERVER
The disturbance inertia is used as an extension, and the state equation of the BIM can be expressed as: (24) where d(t) represents the rate of change of disturbance quantity g 1 (t).
Based on upper formula, with the motor speed and the system disturbance as the observation objects, the following disturbance expansion sliding mode observer is established as:
where V = γ sgn(ω − ω); γ is the sliding mode gain; ϑ is the feedback gain;ω andĝ 1 (t) are the estimations of electrical angular velocity and system perturbation, respectively. Fig.2 shows the block diagram of system disturbance extended sliding mode observer, the speed estimation error and the disturbance estimation error can be defined as: Formula (25) subtractive (24), the sliding mode observation error can be obtained as:
where x 1 and x 2 represents the speed and the disturbance estimation error, respectively; V represents switching function.
B. PARAMETERS SELECTION PRINCIPLE OF SLIDING DISTURBANCE OBSERVER
The observer parameters should be satisfied with the sliding mode arrival condition, and the sliding mode observation error equation (27) is brought into the (7). The arrival condition of the sliding mode can be expressed as:
Therefore, the parameter γ needs to be satisfied as:
In practical applications, the parameter γ should be selected as:
where m is a sliding mode safety factor.
Substituting the upper formula for the error equation (27):
The upper formula is further simplified and the perturbation estimation error is obtained as:
where c is constant. In order to make estimation error approach zero, the parameter ϑ should be chosen as:
By the formula (33), it can be seen that the convergence velocity of the perturbation estimation error x 2 is associated with ϑ.
Therefore, through parameters selection in formula (30) and (34), the system is guaranteed to convergence toward zero in a finite time, and convergence velocity can be adjusted.
C. ANALYSIS OF SLIDING MODE DISTURBANCE OBSERVER CHATTERING
As the sliding mode disturbance observer exists chattering, the chattering signal C is added to improve the estimation accuracy of the external disturbance. Formula (32) can be rewritten as:ẋ
Thus, the transfer function of the observation error x 2 can be obtained as:
where the transfer function F(s) is a low pass filter that can effectively suppress high frequency signals; C represents the chattering signal; T is the cycle; the cut off frequency is ω c = 1 T = ϑ. From the formula (36), it can be seen that the chattering signal is filtered by low pass filter, which reduces the adverse effects of disturbance on the system control. The block diagram for vibration suppression is shown in figure 3 . With the feed forward compensation strategy, the disturbance sliding observer output is used as the compensation control input for system disturbance. Therefore, the BIM speed controller can be denoted as theorem 3.
Theorem 3: with regard to the BIM rotating velocity error control which presented in formula (16) , s is selected as:
The given current i qs can be available as:
From formula (23) and (38), it is clear from the formula (23) that the parameters ε and k need to be large to satisfy the change of load disturbance at the cost of increasing the amplitude of discontinuous quantity and buffeting. However, the observed disturbance quantity feedback to the given current in the formula (38), without the need of large ε and k, it can still provide the current required by the disturbance. Consequently, the system disturbance is updated in real time and the anti-disturbance capability is improved simultaneously. VOLUME 6, 2018
V. THE VALIDATION OF SIMULATION AND EXPERIMENT

A. THE SIMULATION RESULTS AND ANALYSIS
To verify the effectiveness of AESMC and disturbance sliding mode observer for the BIM speed control system, the simulation of the BIM control system is carried out. Fig. 4 shows the system diagram of the BIM sliding mode control, and the detailed parameters are displayed in Tab. I. Setting up the difference between the speed ω * and ω as the input, and the current value i qs as the output of AESMC. The presented controller parameters are given as: ε = c = 6, λ = 5, α = 0.1, δ = 10, x = e, m = 2. The PI parameters can be regulated as: k p = 1, k i = 0.001 [24] , [25] . 5 shows that the system without load initiates at the given speed of 9000r/min firstly, then it operates at the stable movement when the load (3N • m) is added suddenly at the moment of t = 0.7s, finally, the speed mutation drops from 9000r/min to 6000r/min at t = 1s. As shown in Fig. 5(a), (b) and (c) , when the BIM is subjected to external disturbances, the speed overshoot is larger and have a longer period of stability on the condition of the SMC strategy. While using the AESMC method, the system has faster response speed, small fluctuation and can be restored to the original value quickly. Moreover, strong anti-disturbance ability and excellent robustness can be obtained. Fig.6 shows the simulation waveforms of current response under the conventional SMC and the proposed control strategy at the given speed of 9000r/min. It can be seen from Fig. 6(a) that the maximum value of the current under the conventional SMC is about 7A, and the final amplitude is stable on the 2A. While under the proposed control strategy, as shown in Fig. 6(b) , the current shock value decreases and the final amplitude is stable at about 0.5A. It can be concluded that the AESMC control strategy with disturbance compensation can effectively reduce the current in the control loop. Fig. 7 (a) and (b) shows the simulation waveforms of the actual load torque T L and the observer estimation load torquê T L when the motor is stably running at 9000r/min, respectively. As shown in Fig. 7, the load (5N • m) is increased suddenly at the moment of t = 0.2s, and the load is reduced from 5N • m to no load until the moment of t = 0.3s. When the load changes sharply, not only the response of the system is smooth and stable, but also the observation value can quickly converge to the given value, and there is no steady state error. It can be concluded that the disturbance sliding mode observer can track the load disturbance quickly and accurately, and has strong robustness to disturbances. As shown in Fig. 8 , the comparison of the speed response of the motor running at 9000r/min under the proposed control strategy and the conventional SMC.As shown, the system has minimum speed fluctuation and can quickly converge to the original value under the proposed method. While under the conventional SMC the speed fluctuates greatly after the load is abrupt, and takes a long time to recover to the original speed. It can be concluded that the AESMC with the disturbance compensation control strategy has the advantages of without fluctuation of the speed and quick restore to the given value because of the real-time compensation. Meanwhile, the presented control strategy inhibits the transient fluctuation of the speed which caused by the load change effectively, and increases the disturbance resistance and stability of the system. Fig. 9 shows the radial displacements of the method proposed at the 9000r/min in this paper. As shown,the rotor not only can quickly converge to a stable position so that fast rotation and stable suspension can be realized, but also has the excellent control performance under the proposed method with disturbance compensation control strategy.
B. THE EXPERIMENTS RESULTS AND ANALYSIS
For the sake of further verifying the availability of the presented strategy, using the BIM experimental model designed by the laboratory to build the sliding mode variable structure control system experimental platform. The TMS320F2812 control chip is used in this experiment, according to the photoelectric encoder and eddy current displacement sensor detecting the rotor speed and displacement respectively, the parameters of prototype are as the same as simulation, due to limitation of photoelectrical encoder speed measurement, the speed is set at 3000r/ min, and the auxiliary bearing gap is 0.4mm. The whole experimental platform of the BIM is shown in Fig.10 . Fig. 11 shows the rotor trajectory diagram of the motor under the proposed method. The rotor is running around the equilibrium point and the maximum offset value is much smaller than the air gap of auxiliary bearing. It indicates that the BIM can suspend stably under the proposed strategy. Fig. 12 shows the speed response when the load decreases suddenly under the conventional SMC and the proposed method at 3000r/min, respectively. It can be summed up as follows: Firstly, in contrast to the conventional SMC, the speed under the proposed method has quicker times and stronger security. Secondly, the velocity can be tracked rapidly and precisely. Last but not the least, the system has powerful anti-disturbance capacity and robustness.
As shown in Fig. 13 , the speed mutation response under the conventional SMC and the proposed control strategy are presented from the speed 3000r/min to 3400r/min. As shown, the system speed under the proposed method has rapid responsibility and high accuracy compared with the conventional SMC.
VI. CONCLUSIONS
To achieve the capability of high dynamic response and strong resisting interference for the BIM drive system, an extended disturbance sliding mode observer is proposed based on the AESMC. The proposed strategy can automatically adjust the approaching speed of the state variable distance from the equilibrium position and suppress the chattering of the system. In addition, the extended disturbance sliding mode observer can real time estimate the system disturbance, and the output is used as the disturbance compensation, which reduces the amplitude of the discontinuous and improves the anti-interference ability of the system. The simulation and experimental results show that the proposed control strategy not only proves that the amount of interference has without effect on the performance of the control system, but also effectively improves the BIM dynamic performance and the anti-interference ability. The proposed strategy can be considered as a promising approach for controlling AC servo system. The further studies can be performed on suspension force winding control to realize tracking the given value of radial displacement quickly and accurately by means of using the AESMC.
